Background: Epigenetic regulation plays an important role in cancer-associated signaling pathways. Results: The bromodomain protein inhibitor I-BET151 attenuates Hedgehog signaling downstream of Smoothened. Conclusion: I-BET151 mediated inhibition of Hedgehog-Gli activity acts downstream of Smoothened. Significance: Modulation of bromodomain protein activity attenuates the growth of Hedgehog-driven tumors. . 3 The abbreviations used are: HH, Hedgehog; Smo, Smoothened; BET, bromodomain and extra terminal domain; CSC, cancer stem/progenitor cell; MEF, mouse embryonic fibroblast; SAG, Smo agonist; DMSO, dimethyl sulfoxide.
Epigenetic enzymes modulate signal transduction pathways in different biological contexts. We reasoned that epigenetic regulators might modulate the Hedgehog (HH) signaling pathway, a main driver of cell proliferation in various cancers including medulloblastoma. To test this hypothesis, we performed an unbiased small-molecule screen utilizing an HH-dependent reporter cell line (Light2 cells). We incubated Light2 cells with small molecules targeting different epigenetic modulators and identified four histone deacetylase inhibitors and a bromodomain and extra terminal domain (BET) protein inhibitor (I-BET151) that attenuate HH activity. I-BET151 was also able to inhibit the expression of HH target genes in Sufu ؊/؊ mouse embryonic fibroblasts, in which constitutive Gli activity is activated in a Smoothened (Smo)-independent fashion, consistent with it acting downstream of Smo. Knockdown of Brd4
(which encodes one of the BET proteins) phenocopies I-BET151 treatment, suggesting that Brd4 is a regulator of the HH signaling pathway. Consistent with this suggestion, Brd4 associates with the proximal promoter region of the Gli1 locus, and does so in a manner that can be reversed by I-BET151. Importantly, I-BET151 also suppressed the HH activity-dependent growth of medulloblastoma cells, in vitro and in vivo. These studies suggest that BET protein modulation may be an attractive therapeutic strategy for attenuating the growth of HH-dependent cancers, such as medulloblastoma.
One possible point of therapeutic intervention in HH-driven 3 cancers is transcription of Gli proteins, which are mediated by epigenetic enzymes and modulators (1) (2) (3) . These epigenetic pathway components have emerged as attractive drug targets in several cancers (4) . Epigenetic modulators affect gene expression in part by modifying histone acetylation, which alters chromatin compaction and transcription (5) . Histone acetyltransferases attach acetyl groups to lysine residues on histones, whereas histone deacetylases remove those acetyl groups. Reader proteins work in conjunction with histone acetyltransferases and histone deacetylases to modulate gene transcription, by binding acetylated histones and recruiting transcriptional complexes (6) . The bromodomain and extra terminal domain (BET) proteins have emerged as an important class of reader proteins (7) . The BET protein Brd4 is a key transcriptional regulator in multiple cancers (8 -11) . Other BET bromodomain proteins include Brd2, Brd3, and Brdt (7) . Our recent studies, along with those from other laboratories, suggest that small-molecule Brd2/Brd4 inhibitors reduce glioblastoma and medulloblastoma cell growth (8, 11) . These small molecules are acetylated histone mimics, which can compete with the Brd2-or Brd4-histone interaction (12) and thus reduce transcription of oncogenes important for glioblastoma cell proliferation (11) .
Medulloblastoma is the most common malignant pediatric brain tumor (13) . Surgical resection and radiation therapy are the standard of care for patients suffering from the Sonic Hedgehog (SHH) subtype of medulloblastoma (14) . However, intellectual and cognitive difficulties are associated with these standard treatments. Small-molecule inhibitors of the HH pathway signaling protein Smoothened (Smo) have been utilized in clinical trials (15) , although resistance to these Smo antagonists has been observed (16, 17) . This has motivated the search for other points of therapeutic intervention for the treatment of medulloblastoma, preferably ones that act at or downstream of the Gli transcription factors that ultimately regulate canonical HH signaling. Importantly, several recent studies have demonstrated that epigenetic pathways are deregulated in medulloblastoma (18) , suggesting that signaling via the HH pathway is dependent on epigenetic modulators. Thus, identifying potentially druggable epigenetic targets may assist in limiting medulloblastoma growth.
As several studies have demonstrated links between epigenetic enzymes and signaling pathways (19) , we hypothesized that inhibitors of epigenetic modulators might function to attenuate HH signaling. We performed an unbiased screen to isolate such inhibitors and identified a BET inhibitor (I-BET151) as a specific modulator of HH signaling. We further demonstrate that I-BET151 acts downstream of Smo. I-BET151-mediated inhibition of HH signaling is likely related to Brd4 inhibition because Brd4 depletion also attenuates HH-dependent induction of target genes. Further, Brd4 enriches on the Gli1 locus in a manner that can be regulated by I-BET151. Importantly, I-BET151 attenuated the viability of medulloblastoma cancer stem/progenitor cells (CSCs) in vitro and the growth of an HH activity-dependent medulloblastoma allograft in vivo.
EXPERIMENTAL PROCEDURES
Assays-Light2 cells (20) were cultured in DMEM supplemented with 10% newborn calf serum, 1% penicillin/streptomycin, 0.2 g/l G418, and 0.1 g/l Zeocin. Sufu Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) were a gift from Dr. Rune Tofgard and were cultured in DMEM supplemented with 10% newborn calf serum and 1% penicillin/streptomycin. Compound screening was performed in a 96-well plate format. The compounds were titrated by Hanks' balanced salt solution and added to Light2 cells at different concentrations in the presence of the Smo agonist SAG. Twenty-four hours later, cells were lysed in passive lysis buffer, and luciferase activity was determined as described previously (21) . All compounds were screened in the presence of 0.5% newborn calf serum. The selected compounds (positive "hits") were purchased from Tocris and assayed individually. To assay gene expression, RNA was extracted from cells using an RNeasy kit (Qiagen), converted into cDNA (Applied Biosystems), and subsequently analyzed using real-time PCR, utilizing TaqMan probes as per the manufacturer's instructions (Life Technologies). The Brd4 siRNA SMARTpool as well as non-target control siRNA (Dharmacon) was transfected into Sufu Ϫ/Ϫ MEFs using Lipofectamine 2000 (Life Technologies) for 72 h. ChIP analyses were performed by cross-linking cells with 1% formaldehyde, quenching this reaction with glycine, and then resuspending in an SDS buffer (22) . This lysate was then sonicated to yield chromatin fragments of ϳ300 -800 bp. These chromatin fragments were immunoprecipitated with Brd4 antibodies (Bethyl Laboratories) or IgG control, reverse cross-linked at 65°C, and treated with RNase A and proteinase K, and then the relevant region of the Gli1 locus was amplified by quantitative PCR. CSC viability was assayed by quantitating trypan blue (Life Technologies) exclusion using the Bio-Rad automatic cell counter TC20 TM .
Mice and Drug Administration-All mice were handled in accordance with the policies of the University of Miami Institutional Animal Care and Use Committee. Spontaneous medulloblastomas from Ptch1 ϩ/Ϫ mice (The Jackson Laboratory) were subcutaneously grafted onto CD-1 nude mice (Charles River Laboratories). A subset of the tumors from these allografted mice was harvested and enzymatically digested using a papain dissociation system (Worthington). The resulting cell suspension was maintained in CSC selection medium containing Neurobasal, GlutaMAX, B27, N2, EGF, FGF, and Pen Strep media (Life Technologies) (23) . A subset of the 
RESULTS
To screen for inhibitors of epigenetic modulators that attenuate HH activity, we used an established fibroblast cell line (Light2 cells) that stably expresses an HH-dependent firefly luciferase reporter gene, as well as a control Renilla luciferase gene driven by the TK promoter (20) . These cells were activated with the Smo agonist SAG to induce luciferase activity, along with varying concentrations (0, 0.5, 1, 2, or 10 M) of 60 distinct, well characterized epigenetic enzyme inhibitors, a number of which are in various stages of clinical evaluation ( Table 1) . As a positive control, we used the clinically approved Smo antagonist vismodegib (25) . DMSO-treated cells, and cells not stimulated with SAG, were used as negative controls. Ide-ally, relevant inhibitors would significantly attenuate firefly luciferase expression, but have minimal effects on Renilla luciferase expression at equipotent doses. Based on the dose-dependent effects of these inhibitors on Light2 cells ( Fig. 1A and data not shown), five inhibitors were selected for further evaluation. Four of these inhibitors were distinct histone deacetylase inhibitors, and one was the BET inhibitor I-BET151. We purchased four of the epigenetic inhibitors identified in our screen (one DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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was not commercially available) and performed more extensive dose-response curves (see Fig. 1B for their structures). All four of these inhibitors attenuated HH signaling, and did so in a dose-dependent manner (Fig. 2) . As histone deacetylase inhibitors have been previously implicated in regulating HH activity (2, 26) , for the remainder of this study, we focus solely on the BET bromodomain inhibitor I-BET151.
A number of key components of the HH signaling pathway have already been identified (Fig. 3A) , and their importance in various human pathologies has been underscored by their common mutation frequencies (25) . In general, HH binds to its core receptor protein Ptch1, inducing the derepression of the seventransmembrane protein Smo (27) . Activated Smo ultimately regulates the Gli family of transcription factors, via alterations in protein half-life, via an array of post-translational modifications, and through its association with the negative regulator Sufu. The Sufu/Gli association is destabilized via trafficking through the primary cilium, a microtubule-enriched organelle required for canonical HH signaling. To identify the compo-nents of the HH signal transduction pathway disrupted by IBET-151, we treated Light2 cells with SAG and different doses of I-BET151 and then quantitated the expression levels of Ptch1, Smo, Gli2, or Gli1 (Fig. 3B ). Although the expression levels of these four signaling components were affected by I-BET151, the IC 50 of I-BET151 for reducing Gli1 levels was most similar to that observed for attenuating SAG-induced luciferase activity (Fig. 2) .
The majority of HH inhibitors described to date bind to and attenuate the activity of Smo, including the Food and Drug Administration-approved small-molecule vismodegib (25) . One convenient way to identify those inhibitors that act downstream of Smo is to screen them using Sufu Ϫ/Ϫ MEFs as loss of Sufu results in the Smo-independent activation of Gli proteins. We therefore treated Sufu Ϫ/Ϫ MEFs with two different doses of I-BET151 and then quantitated the expression levels of Ptch1, Smo, Gli2, or Gli1. I-BET151 attenuated the expression of these pivotal HH signaling components in Sufu Ϫ/Ϫ MEFs in a manner similar to its effect in SAG-stimulated Light2 cells (Fig. 4A) , and once again the expression of Gli1 was the most sensitive to I-BET151. Consistent with Sufu Ϫ/Ϫ MEFs harboring a Smoindependent activation of Gli proteins, vismodegib was unable to attenuate Gli activity in these cells. We also examined the expression of several oncogenes and cell cycle-related genes that are commonly attenuated by I-BET151. Consistent with I-BET151 functioning through the attenuation of multiple signaling nodes (28, 29) , the expression of c-Myc, P21, and Cdk4 was inhibited in a similar manner to Gli1 (Fig. 4B ). We also took advantage of the constitutive Gli1 expression of Sufu Ϫ/Ϫ MEFs to examine its dependence on the I-BET151 target Brd4. We knocked down Brd4 expression using a validated Brd4 siRNA SMARTpool or a control siRNA. Brd4 knockdown resulted in an ϳ60% reduction of Gli1 levels, similar to the reduction in expression of Brd4 itself (Fig. 5A) . Thus, consistent with I-BET151 acting specifically in these cells to inhibit Brd4 function, knockdown of Brd4 also attenuated Gli1 expression.
As Brd4 interacts with chromatin-associated acetylated histones to regulate target gene transcription (30), we tested the hypothesis that I-BET151 treatment attenuates Gli1 transcription by reducing Brd4 occupancy of the Gli1 locus. Consistent with this hypothesis, we found that Brd4 associates with the proximal regulatory region of the Gli1 locus, near the transcriptional start site. Interestingly, I-BET151 treatment of cells decreased the occupancy of Brd4 on this region of the Gli1 locus (Fig. 5B) . We also noted that the effects of I-BET151 on Gli-driven luciferase activity could be overcome by the constitutive expression of a human GLI1 cDNA, which lacks the proximal regulatory region of the Gli1 locus that Brd4 enriches on (Fig. 5C ). As a control, we also show that I-BET151 still atten-FIGURE 5. I-BET151 reduces Brd4 occupancy of the Gli1 locus. A, knockdown of Brd4 inhibits HH target gene expression. 50 nM Brd4 siRNA or scramble siRNA was transfected into Sufu Ϫ/Ϫ MEFs for 72 h. RNA was subsequently extracted for quantitative PCR to determine the expression of the indicated genes. B, schematic of the mouse Gli1 locus from Ϫ10,000 bp to ϩ500 bp, relative to the transcription start sites (TSS) shown. Brd4 occupancy was analyzed by ChIP-quantitative PCR in Sufu Ϫ/Ϫ MEFs treated with 0.5 M I-BET151 and then normalized to a control ChIP performed using rabbit IgG. C, a plasmid expressing human GLI1 from a CMV promoter was transfected into Light2 cells and then treated with 0.1 or 0.5 M I-BET151 48 h later. After 24 h of treatment, firefly luciferase activity was measured and normalized to Renilla luciferase activity, followed by isolation of RNA to measure the expression of the indicated HH target genes. Error bars represent the S.E. of three independent experiments. p values Յ 0.05 are considered statistically significant and indicated by an asterisk. NS, not significant. uated the expression of endogenous mouse Gli1. Together, these results suggest that I-BET151 abrogates Gli1 transcription by reducing the association of Brd4 with the proximal regulatory region of the Gli1 locus.
To test the ability of I-BET151 to attenuate the growth of an HH-driven cancer, we used a Ptch1 ϩ/Ϫ -derived medulloblastoma mouse model (31) . Spontaneous tumors from this well characterized medulloblastoma model were used to isolate CSCs, which were maintained as a non-adherent spheroid culture, and to establish a transplantable allograph model (32) . Such CSC lines harbor a constitutively activated HH pathway and considerable Gli1 expression and proliferate in a Smo-dependent manner (32) . Treatment of CSCs with I-BET151 reduced their viability within 3 days of treatment and did so in a dose-dependent manner (Fig. 6A) . Moreover, the effect of I-BET151 on CSCs was positively associated with decreased Gli1 levels (Fig. 6B) . To determine the effect of I-BET151 on cancer growth in vivo, randomized nude mice were implanted with Ptch1 ϩ/Ϫ -derived medulloblastoma tissue and treated with I-BET151 or vehicle once the tumors were ϳ200 mm 3 in size. Although the tumors in the vehicle-treated mice grew rapidly, the growth of the tumors in the I-BET151-treated mice was significantly attenuated (Fig. 6, C and D) . Importantly, the body weight of the I-BET151-treated mice was not statistically different from that of the vehicle-treated mice (Fig. 6E ). Further, consistent with I-BET151 attenuating tumor growth through inhibition of HH signaling, I-BET151 reduced the lev-els of the HH target gene Gli1 relative to the tumors in the vehicle-treated mice (Fig. 6F) .
DISCUSSION
In the present study, we demonstrate that BET protein inhibition attenuates HH signaling. Treatment with the BET inhibitor I-BET151 reduced levels of an HH pathway reporter gene in fibroblasts, as well as the expression of multiple components of the HH pathway, including Gli1 but not Smo. Further, expression of Gli1 was more sensitive to I-BET151 treatment than that of the other components, consistent with this being one of the critical BET targets in the HH pathway. This was also observed in Sufu Ϫ/Ϫ MEFs, which are not dependent on Smo (33) or primary cilia (34) for HH signaling, placing the action of I-BET151 downstream of Smo. As Brd4 enriches on the Gli1 locus in a manner that can be reversed by I-BET151, and Brd4 depletion in Sufu Ϫ/Ϫ MEFs reduces Gli1 levels, this effect of I-BET151 is likely through Brd4. Importantly, I-BET151-mediated inhibition of Brd4 activity also occurred in vivo, potently reducing the growth of a Ptch ϩ/Ϫ -driven medulloblastoma. These results, along with those of a similar recent study (35) , provide evidence for a previously unappreciated role for the BET bromodomain proteins in HH signaling.
The BET protein involved in medulloblastoma cell growth is likely Brd4 because its depletion reduced HH induction of Gli1 in wild type and Sufu Ϫ/Ϫ MEFs. However, whether other BET bromodomain proteins are linked to medulloblastoma is FIGURE 6. I-BET151 abrogates HH activity-driven medulloblastoma growth. Medulloblastoma cancer stem/progenitor cells established from a Ptch1 ϩ/Ϫ medulloblastoma were treated as follows. A, treated with the indicated doses of I-BET151 for 3 days prior to determining cell viability. Cell viability was measured by trypan blue staining and then quantitated. B, twenty-four hours after I-BET151 treatment, Gli1 expression was quantified. Ptch1 ϩ/Ϫ medulloblastoma tissue was subcutaneously implanted into immunodeficient mice (n ϭ 5 for vehicle group and n ϭ 6 for experimental group). When the tumor size reached ϳ200 mm 3 , the mice were treated with 30 mg/kg of I-BET151 or DMSO. C, tumor volume was measured daily. D, hematoxylin and eosin staining was performed to identify differences in histology between vehicle-and I-BET151-treated tumor tissue. E, body weights of the I-BET151-or vehicle-treated mice were measured at the indicated times. F, Gli1 gene expression in tumor tissue from the I-BET151-or vehicle-treated mice. Error bars represent the S.E. of three independent experiments, unless otherwise indicated. p values Յ 0.05 are considered statistically significant and indicated by an asterisk.
unknown. BET bromodomain protein regulation of HH signaling may be mediated via direct and indirect transcriptional regulation of Gli1 and Gli2, the primary transcriptional activators of the HH signaling pathway (36) . However, whether this is the main mode of controlling HH signaling in medulloblastoma and other cancers has not been addressed. In the case of glioblastoma, we have previously determined that Brd2 or Brd4 depletion reduces tumor cell growth (11) . Thus, it is possible that both of these proteins are also required for medulloblastoma progression. Inhibiting Brd2 or Brd4 in medulloblastoma with brain-penetrant versions of BET inhibitors may be therapeutically attractive. JQ1 is a well characterized, brain-penetrant BET bromodomain inhibitor (12) that has shown efficacy in preclinical models of brain cancer (9, 37) . However, JQ1 suffers from chemical liabilities that make it unsuitable for clinical testing (28) . Thus, there is a need to identify brain-penetrant BET bromodomain inhibitors that are drug-like for the treatment of human medulloblastoma patients.
The majority of HH inhibitors described to date bind to and attenuate the activity of Smo (25) . Although such Smo inhibitors will likely have significant clinical utility, many other signaling pathways activate Gli proteins in a non-canonical manner (27) . Thus, inhibitors that function downstream of Smo, especially those that function at the level of Gli proteins, are likely to have even greater clinical utility. Collectively, our studies suggest that BET inhibitors may provide a viable mechanism for inhibiting the HH pathway in multiple cancers by directly down-regulating Gli1.
